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The biophotonics tool kit
Immunologists have long been adept at raiding other disciplines to acquire new research tools. Fluorescence techniques -for example, flow cytometry, video imaging and more exotic imaging modalities, such as FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET) and twophoton microscopy -combined with new probes to track Ca 2+ signalling, gene expression, cell division and molecular interactions, form a powerful arsenal of biophotonic techniques to investigate the immune response. Tissue and intravital imaging methods are just beginning to extend the use of these tools to the in vivo setting. Recently, two-photon microscopy has shown enormous potential for the imaging of tissuedependent, dynamic and asynchronous individual cellular behaviours in intact lymphoid organs, and it can provide information that would be indiscernible in population measurements and completely absent in vitro. This technique promises to contribute to our fundamental understanding of the immune system, from lymphocyte trafficking to antigen presentation and subsequent effector responses.
Scientific questions drive the development of technology, and new technologies, in turn, influence the type of questions that we pose in an iterative process of discovery. Applied to immunology, this has prompted the innovation and application of powerful techniques for analysing the microscopic world of the immune system. Two methodological lines of investigation have dominated the field: in vivo experiments that examine the behaviour of populations of cells in living animals during an immune response; and in vitro experiments that use individual cells in artificial environments. An immune response is the sum of many complex and dynamic individual cellular behaviours that are shaped by many environmental factors. In vivo experiments maintain this natural environment, but they cannot resolve the behaviours of individual cells. By contrast, in vitro experiments provide information at the subcellular and molecular levels, but they cannot replicate adequately the full repertoire of environmental factors. There is a pressing need for techniques that allow real-time observation of single cells and molecules in intact tissues. Recent developments in imaging technology now make this possible. In this review, we provide a guide to the application of biophotonic techniques to the field of immunology and, in particular, to the use of two-photon laser microscopy. We discuss TWO Many lymphocyte functions, such as antigen recognition, take place deep in densely populated lymphoid organs. Because direct in vivo observation was not possible, the dynamics of immune-cell interactions have been inferred or extrapolated from in vitro studies. Two-photon fluorescence excitation uses extremely brief (<1 picosecond) and intense pulses of light to 'see' directly into living tissues, to a greater depth and with less phototoxicity than conventional imaging methods. Two-photon microscopy, in combination with newly developed indicator molecules, promises to extend single-cell approaches to the in vivo setting and to reveal in detail the cellular collaborations that underlie the immune response.
The original, and most commonly used, form of microscopy, in which the specimen is viewed by transmitted light from a condenser lens. NOMARSKI 
OPTICS
One of several implementations of differential interference contrast (DIC) techniques for use with bright-field microscopy. DIC converts optical gradients in a specimen (differences in thickness, slope or refractive index) to differences in intensity, which gives a pseudo threedimensional appearance to objects that would otherwise appear featureless.
FLUORESCENCE MICROSCOPY
The visualization of fluorescence in a specimen -either natural autofluorescence or after staining with fluorescent probes. Usually, this is achieved using an epi-fluorescence microscope, in which the excitation light is directed by a dichroic mirror through the objective lens, and fluorescence emission is viewed through the same lens after blocking excitation light with a barrier filter.
FURA-2 RATIOMETRIC IMAGING
Calcium imaging using the calcium-sensitive dye fura-2. When excited at short ultraviolet wavelengths (~350 nm), the fluorescence of fura-2 increases with increasing calcium concentration, whereas fluorescence decreases with increasing calcium concentration at longer wavelengths (~380 nm). By forming a ratio of successive images obtained at each wavelength, it is possible to obtain a measure of absolute free calcium concentration. DECONVOLUTION 
MICROSCOPY
The use of software to correct partially for diffraction-limited blurring by a microscope and thereby enhance the resolution of three-dimensional images obtained by wide-field or confocal microscopy.
CONFOCAL MICROSCOPY
A form of fluorescence (or reflected light) microscopy in which out-of-focus signals are rejected by measuring through an aperture that restricts all light except that originating from the focused excitation spot. supra-molecular activation complex (pSMAC) 11 . Following the pioneering work of McConnell and colleagues 12, 13 , Dustin and Springer developed a LIPID-BILAYER IMAGING system 14, 15 , which uses dissolved membrane receptors and other proteins to study cell adhesion and motility. This system was used subsequently to define additional requirements and dynamic molecular changes during immunological-synapse formation 16 . Recently, molecular interactions at the synapse between the T-cell receptor (TCR) and CD4 have been shown using FRET between the GFP variants cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) tagged to CD3ζ and CD4, respectively 17 . T-cell commitment to activation requires direct contact with antigen-specific APCs, but the nature of this interaction (stable or transient) remains controversial 18 . The concept of the immunological synapse as a stable organizing element that leads, after a single encounter, to activation was proposed on the basis of the time course of T-cell activation in vitro and the time required for the SMAC to form 19 . In contrast to previous in vitro observations on a two-dimensional substrate, interactions between T cells and dendritic cells (DCs) in a COLLAGEN GEL MATRIX culture system were shown to be relatively brief (<30 minutes) and intermittent, such that T cells make serial contact with several DCs 20 . However, the effects of environmental signals on synapse formation are not understood fully 21 . As a result, there are now two competing models of T-cell-APC interactions, which involve either a single, stable encounter or transient, serial encounters [18] [19] [20] 22 .
Imaging T-cell dynamics in vitro
The single-cell approach has intrinsic value, because asynchronous behaviours are not indicated by population measurements. In vitro imaging systems that combine BRIGHT-FIELD MICROSCOPY or NOMARSKI OPTICS with FLUORESCENCE MICROSCOPY have been particularly good at revealing the individual behaviours and interactions of cells in the immune system. Previous in vitro studies that visualized T cells interacting with antigen-presenting cells (APCs), or beads used as surrogate APCs, have shown dynamic changes in T-cell motility, shape, contact requirements, intracellular calcium signalling (through FURA-2 RATIOMETRIC IMAGING) and reporter gene expression [1] [2] [3] [4] [5] [6] [7] ( FIG. 1) . These studies showed that T-cell motility is inhibited by the Ca 2+ signal, by protein kinase C (PKC) activation and by integrin signalling 4, 8 ; this 'stop signal' stabilizes the T cell at the site of antigen presentation.
Studies using DECONVOLUTION MICROSCOPY or CONFOCAL MICROSCOPY on fixed cells stained with antibodies, or living cells that express molecules tagged with green fluorescent protein (GFP), have shown that molecular rearrangements occur at the zone of contact between the T cell and the APC that form what is now known as the immunological synapse 9 . The intricate choreography of formation and stabilization of the immunological synapse has been reviewed recently 10 . Some molecules move laterally towards the contact region and become concentrated in a central zone -the central supramolecular activation complex (cSMAC) -whereas others form a concentric region known as the peripheral www.nature.com/reviews/immunol
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Studying T-cell responses in animals
Many of us take for granted the availability of instruments that use fluorescence to detect and visualize the distribution of molecules. Flow cytometry, for example, is a method to analyse the expression of specific molecules by particular subsets of cells. Fluorescent antibodies specific for cell-surface markers can be used to identify lymphocyte phenotypes, as well as to assess their activation state and effector functions using methods that include intracellular staining protocols to assay for cytokine expression 23, 24 . Antigen-specific T cells can be identified in vivo using fluorescent peptide-MHC tetramers 25 . Furthermore, the discovery of CFSE LABELLING has provided a convenient tool for measuring cell division in vivo 26 . Moreover, because CFSE is non-toxic and bright, it has facilitated the tracking of cells in slice preparations, intact tissues and intravital microscopy 27, 28 . The use of immunofluorescence to stain fixed tissue sections has allowed a high-definition, but static, glimpse inside animal tissues, which has yielded important information about the location, phenotype and physical interactions of various cells that participate in the immune response 28 . In addition, it has been a useful technique to map the deposition of extracellular matrix and the distribution of chemokines that are thought to direct the organization of lymphoid organs 29 . The use of GFP and its spectral variants (CFP,YFP and blue fluorescent protein, BFP) as protein tags has been of great benefit to cell biologists, because these proteins are non-toxic, require no labelling step and work equally well in living and fixed tissues. In particular, GFP-transgenic mice have provided markers for T-cell trafficking 30, 31 and probes for the activation of these cells and their expression of interleukin-2 (IL-2) and IL-4 (REFS 32, 33) . Other groups have used GFP to track T cells in the high endothelial venules of peripheral lymph nodes 34 , to study the lipopolysaccharideinduced intraocular recruitment and activation of T cells 35 , and to follow the interaction of CD8 + T cells
LIPID-BILAYER IMAGING
This involves phospholipid with protein constituents deposited in a bilayer on a glass surface; it is used to study cell-cell interactions, such as the immunological synapse.
COLLAGEN GEL MATRIX
A culture system consisting of a three-dimensional collagen environment that mimics a physiological substrate for the study of immune-cell motility and function.
CFSE LABELLING CFSE (5,6-carboxyfluorescein diacetate succinimidyl ester) is a green-fluorescent dye that binds covalently to intracellular proteins, providing a stable cell label. When a cell divides, the dye is diluted equally in the daughter cells and fluorescence is halved with each generation, which allows up to 7-10 cell divisions to be detected by flow cytometry. with bone-marrow-derived DCs 36 . Of particular interest is the observation that in the last system, lymphoid cells express the GFP tag strongly, but at different levels, which allows T cells, B cells and DCs to be discriminated.
The need for live-tissue imaging
In vivo approaches have elucidated the basic properties of immune cells and lymphoid tissues, whereas in vitro cell-culture systems have provided a high-definition analysis of the cell-surface receptors and intracellular signalling pathways that lead to an immune response. In vitro culture systems have been invaluable for understanding the single-cell behaviours of lymphocytes, but it is apparent that lymphocyte activation and function are influenced by, and in several cases completely dependent on, factors that are present in the tissue environment 18, 20, 37, 38 . For example, the structural features of the immunological synapse have been pieced together from in vitro studies -mainly on fixed T cells using specific antibody staining and on the interactions of T cells with planar lipid films. In a few cases, the redistribution of molecules has been observed in living T cells using GFP-tagged proteins 17, [39] [40] [41] . Close contacts between T cells and APCs, and the clustering of TCRs near to the site of antigen presentation have been observed also in fixed tissue samples from the lymph nodes of TCR-transgenic mice 27, 42 , but this provides only a static picture of a dynamic event. Different experimental systems have led to fundamentally different views of the T-cell-APC interaction, which has led some immunologists to question the physiological relevance of in vitro findings. Two-photon tissue imaging provides the much-needed methodology to address these questions.
Two-photon microscopy
Fluorescent dyes are standard tools for tracking cell populations in animals by flow cytometry and for the microscopic imaging of individual cells in vitro. However, important challenges arise when attempting to visualize fluorescently labelled cells deep in living tissues, such as lymph nodes. Three main problems limit optical resolution in such a case. First, the high-numerical-aperture objective lenses that are required for fluorescence microscopy have a narrow depth of field. Objects appear in sharp focus over a depth of <1 µm, but with a conventional epi-fluorescence microscope, fluorescent label above and below this plane glows brightly, thereby obscuring the image. Second, most biological tissues scatter light, so that image contrast is lost as the microscope is focused to increasing depths. Finally, the intense excitation light will, over time, bleach the dye and cause photodamage to the cells.
Limitations of confocal microscopy. A partial solution was provided by the introduction of confocal microscopy some 15 years ago 43 . This technique provides a sharp 'optical section' at a given depth in a specimen by rejecting out-of-focus fluorescence that arises from above and below the focal plane. The principle of confocal microscopy is simple (FIGS 2, 3) . Fluorescence excitation photon and soon after (a few nanoseconds), re-emits most, but not all, of this energy as a second photon. Because the energy of a photon is inversely proportional to its wavelength (λ), the emitted photon has a longer wavelength than the exciting photon (for example, green emission with blue excitation). By contrast, two-photon excitation involves the almost simultaneous absorption by a fluorophore of energy from two photons, each of which contributes one half of the total energy required to induce fluorescence. The emitted fluorescence light is, therefore, of shorter wavelength than the exciting light. For example, a molecule of fluorescein can be excited by two photons of near-infrared light (λ ≈ 800 nm), each of which has approximately half the energy of a single blue photon (λ = 400 nm), and then emit a photon of green light, in the same manner as for standard (one-photon) excitation with blue light. Because excitation depends on the simultaneous absorption of two photons, the resulting fluorescence emission increases in proportion to the square of the excitation intensity. This quadratic relationship gives two-photon microscopy its main advantages. The focusing of light by a microscope objective lens leads to a high density of photons at the focal point, whereas the density falls off rapidly above and below the focal point. So, the probability that a fluorophore might undergo two-photon excitation is highest at the focal point, and drops to nearly zero at distances of less than 1 µm above and below the focal point.
To achieve a useful number of two-photon excitation events, the photon density at the focal spot must be high, because a fluorophore molecule has to absorb two photons within an unimaginably brief time (10 −18 seconds) of one another. Under normal conditions, this does not occur -for example, the light intensity of a laser scanning confocal microscope is about one million times too weak. Indeed, an intensity level of~10 12 W cm −2 would be required, which is equivalent to converting the electrical output of 5000 nuclear reactors into light and focusing it on a square centimetre . In both cases, the excitation intensity (ex.), which corresponds to the density of photons, is greatest at the focal spot and declines away from this point as the light subtends circles of progressively increasing diameter. For one-photon excitation, green-fluorescence emission (em.) occurs everywhere along the path of the beam, with an intensity that is linearly proportional to that of the excitation light. By contrast, two-photon excitation evokes fluorescence at the focal spot only. The rest of the sample is exposed only to low-energy infrared photons, which fail to excite the fluorophore and can pass through biological tissue with minimal scattering. B | Temporal compression of photons into short packets during femtosecond pulses achieves the high photon densities that are required for two-photon excitation and prevents the sample from being destroyed. In comparison to a continuous laser beam (a), a pulsed laser (b) of the same average power (mean number of photons per second) concentrates photons into brief bursts of much greater instantaneous power. For a mode-locked titanium-sapphire laser, each pulse lasts ~100 femtoseconds (fs), with a gap of 10 nanoseconds (ns) between pulses. So, the temporal compression is by a factor of 10 5 and, because of the quadratic relationship for two-photon excitation, fluorescence is enhanced by a factor of 10
10
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light (usually from a laser) is focused in the specimen by the objective lens, and the fluorescence emitted from that spot is collected through the same lens and refocused to a spot centred on a small aperture (confocal pinhole) placed before a detector. So, in-focus fluorescence passes efficiently to the detector, whereas out-of-focus fluorescence from above or below the imaging plane is largely rejected. For many applications, confocal microscopy works extremely well, and, by serial acquisition of optical slices taken at increasing depths along the z-axis, it allows subsequent three-dimensional (x-y-z) reconstruction of the sample. However, confocal microscopes are limited in their ability to 'see' deep into biological tissues (typically to a depth of only a few tens of µm), because scattering attenuates both the focal spot of laser light and the collection of light from the resulting fluorescent spot. Furthermore, although fluorescence is imaged only from the focal plane, the specimen is exposed to laser light above and below that plane, so that regions suffer from photobleaching and phototoxic effects even when they are not being visualized. So, confocal microscopy has serious limitations for the long-term imaging of live cells.
Principles of two-photon excitation.
A solution to these problems is provided by a more recent imaging technique -two-photon microscopy -which, by a completely different principle, provides the same 'optical-sectioning' capability, but has the advantages of greater imaging depth and minimal photobleaching and toxicity. Twophoton excitation is a relatively old concept 44 and it was used first for biological research more than ten years ago 45 . However, only in the past few years have improvements in laser technology and the availability of commercial multi-photon microscopes made it a practical tool for biologists who lack specialized expertise in laser optics.
In conventional fluorescence excitation, a fluorophore molecule, such as fluorescein, absorbs energy from a www.nature.com/reviews/immunol R E V I E W S is how a biological specimen can be imaged by two-photon microscopy without vaporizing it. The answer lies in using pulsed lasers, for which the peak power during a pulse is extremely high, but the average laser power is relatively low and not much greater than for a conventional confocal microscope.
Such lasers have been available for nearly 20 years, but it is only recently that their design has improved to the point that they can be used as a 'turn-key' instrument, requiring no special expertise or maintenance. The most versatile and commonly used system is the mode-locked titanium-sapphire (Ti-sapphire) 'femtosecond' laser, which provides pulses of infrared light (λ = 700-1000 nm) with a duration of~80 femtoseconds at a repetition rate of~80 MHz. An intuitive feel for how brief these pulses are can be obtained by visualizing the laser beam as a series of 'packets' of photons, each about 25 µm long, travelling at the speed of light and separated from one another by gaps of about 2 metres. A crucial measure is the ratio of the pulse duration to gap duration -in this case, about 10 −5 . Therefore, the peak power during each pulse is 10 5 times greater than the mean laser power, so that the fluorescence emission from a fluorophore excited by two photons is 10 10 times greater than would be achieved by a continuous laser of the same mean power.
As described above, focusing the beam from a femtosecond laser through a microscope objective results in fluorescence emission restricted to the focal spot. So, an image can be formed simply by measuring the fluorescence intensity while constructing an image by scanning the laser spot point-by-point and line-by-line, in the same manner that a picture is built up on a television screen. Because fluorescence arises only from the focused laser spot, all emitted light carries useful information, even if it has been scattered in the specimen. Unlike for confocal microscopy, there is no need to detect fluorescence through an aperture; instead, a 'wide-field' detector (usually a photomultiplier) should be positioned close to the objective lens to collect as much of the emitted fluorescence as possible. Complete two-photon microscope systems are available commercially; alternatively, existing confocal microscopes have been adapted by addition of a femtosecond laser, and other investigators have built their systems from scratch. • Laser pulse is on for 100 femtoseconds every 10 nanoseconds; therefore, the pulse duration to gap duration ratio = 10 −5
• Instantaneous power when laser is on = 5 × 10 12 W cm −2
• Output of a typical nuclear reactor = 1000 MW = 10 9 W
• Therefore, the peak energy density at the specimen during each pulse is equivalent to the output of 5000 nuclear reactors converted to light and focused on a square centimetre.
Lasers. The availability of lasers that produce brief pulses (<1 picosecond) at infrared wavelengths has been the key factor driving the development of two-photon microscopy. Several different types of laser are available, but the wide tuning range and high power output of the mode-locked Ti-sapphire laser make it a near-universal choice. Until a few years ago, large argon-ion lasers were used to pump the Ti-sapphire laser, but newer models use a solid-state pump laser, which requires no maintenance or adjustments, and runs from a standard wall electrical outlet. Another innovation is the availability of broadband optics sets that allow continuous tuning of the laser over a wavelength range of about 720-980 nm.
The most versatile configuration is a 'two-box' design, with separate Ti-sapphire and pump laser heads coupled on an optical table. This provides the highest power output (2 W with a 10 W pump laser) and greatest tuning range, but it requires some expertise from the user, because tuning and mirror alignment are carried out manually. Alternatively, 'single-box' designs combine everything in one laser head and are controlled by a computer.
Objective lenses. The choice of objective lens is crucial to maximize the advantages of two-photon imaging. Most importantly, the NUMERICAL APERTURE (NA) should be as high as possible for two reasons: the amount of emitted fluorescence increases with the square of the NA; and the dimensions of the focal spot decrease (and so resolution increases) with increasing NA. Therefore, dry (air) objectives are unsuitable generally owing to their relatively low NA. Oil-immersion objectives have the highest available NA (up to 1.4), but they have marked drawbacks for imaging deep in live tissue -imaging must be done through a cover glass; the physical working distance of the lens is usually only ~60 µm; and spherical aberration occurs when imaging more than a few µm into aqueous specimens. Instead, water-immersion objectives provide the best compromise; they allow imaging to a depth of hundreds of µm with a NA as great as 1.2. Two basic designs of water-immersion objective are available: those that are corrected to image through a cover glass and 'dipping' objectives that are immersed directly in the bathing fluid. The former have a higher NA, but they generally have a working distance of only ~200 µm and they have the further disadvantage for imaging explanted tissues that the cover glass impairs superfusion with oxygenated solution. Dipping objectives have a lower NA (0.80-0.95), but they have the advantage of allowing free access to the specimen with working distances of a few mm. We have obtained the best results with the Olympus 20×, 0.95 NA dipping objective, which provides a unique combination of high NA, low magnification and long (2 mm) working distance. The objective lenses that are used at present for twophoton imaging were designed originally for conventional (one-photon) applications, and it is probable that improvements will be possible by optimizing lens design for two-photon microscopy. For example, some constraints on lenses for one-photon microscopy (including corrections for chromatic aberration and that have been used in two-photon microscopy. Most probes that are used for conventional fluorescence microscopy will work also for two-photon excitation, but it is difficult to predict how they will behave. Some useful general rules are given in BOX 2.
Multi-dimensional imaging. A single, monochrome image of a microscope specimen provides information in only three dimensions (spatial dimensions x and y, and intensity). By contrast, the ability of two-photon microscopy to 'see' deep in tissues and to image for long periods of time with minimal damage or bleaching facilitates the acquisition of data sets that are comprised of as many as six dimensions (spatial dimensions x, y and z, time, intensity and wavelength of more than one probe). For example, a typical application would involve the acquisition of a series of colour images taken at increasing depths in the specimen to form a 'z-stack' , with this process being repeated at fixed time intervals to form a time-lapse movie. Computer-operated microscopes allow the automated acquisition of multi-dimensional image sequences under the control of software packages such as MetaMorph® (Universal Imaging Corporation™), and these packages also include programs for reconstructing and analysing the data. Nevertheless, the large amount of data in multi-dimensional sets creates new technical challenges in terms of storage, management and analysis of the data, and their ultimate representation in two-dimensional print media. For example, a typical 30-minute recording of a three-colour data set (500 × 500 pixel resolution, 20 z-planes and 6 z-stacks per minute) fills >2 GB of disc space. These data sets are not readily portable and require, at the least, a fast personal computer with a large amount of memory and disc-storage capacity to carry out the image processing. Usually, it is possible to analyse only a few of the available dimensions at a given time, and even that might require creative solutions. For example, current computer programs do not allow simultaneous tracking in the dimensions of time, x, y and z, and they provide generally only a maximum-intensity projection in which the image is 'flattened' along a chosen dimension. This representation can be misleading. It is easy to confuse two cells superimposed in a maximum-intensity projection as a single cell, flatness of field) are eased for two-photon microscopy, and new factors become important (such as good infrared transmission and low dispersion to minimize the broadening of femtosecond pulses).
Advantages of two-photon microscopy. The main advantage of two-photon microscopy is that excitation is confined exclusively to the focal plane, whereas other regions of the specimen are exposed only to the relatively harmless infrared light. Undesirable processes, such as photobleaching and photodamage, are not prevented entirely; however, unlike for confocal microscopy, these processes are restricted only to regions where imaging takes place. A secondary, but important, advantage arises from the long wavelengths that are used for excitation. The extent to which light is scattered varies as a steep, inverse power function of wavelength (which is why the sky is blue and sunsets through the Los Angeles smog appear so red). Infrared light penetrates most biological tissues with minimal scattering or absorption, which allows twophoton images to be obtained at much greater depths than is possible with confocal microscopy. As summarized in TABLE 1, the two-photon technique has several advantages over conventional confocal fluorescence imaging, including reduced photobleaching, minimal phototoxicity and the ability to resolve detail at greater depths in living tissues.
Probes and applications. The development of fluorescent probes has kept pace with the development of new microscopy techniques to allow the visualization of molecules, cell-signalling events, subcellular organelles and whole cells. Some probes must be loaded into individual cells and have been used mainly for in vitro studies (for example, fura-2 and other Ca 2+ indicators). However, CellTracker TM dyes are stable and can be used to track single cells or to follow rounds of cell proliferation by dilution. Genetically encoded indicators (GFP and its variants) can be driven by tissue-specific promoters -such as those for nuclear factor of activated T cells (NFAT), IL-2 and IL-4 -turned into FRET calcium indicators (cameleons and pericams) or used as timers and markers by spontaneous or induced photobleaching 46 . [48] [49] [50] and by conventional confocal methodology 51 . We have established a two-photon imaging method that allows six-dimensional (x, y, z, time, intensity and emission wavelength) imaging of viable T cells, B cells and APCs up to a depth of~300 µm in intact lymphoid organs (FIG. 4) . We used an adoptivetransfer approach to observe the behaviour of individual fluorescently labelled lymphocytes in the peripheral lymph nodes 48 and spleen 50 , whereas Bousso et al. 49 studied T-cell positive selection in a reconstituted thymocyte co-culture system. These three reports share the observation that in physiologically relevant three-dimensional substrates, naive T cells are highly motile and have dynamic and heterogeneous responses to antigen. We measured naive T-cell velocities that often exceeded 25 µm min −1 , with mean values of 10.2 µm min −1 for BALB/c T cells and 12.2 µm min −1 for ovalbumin-specific TCR-transgenic T cells from DO11.10 mice 48 . These rapid movements were unexpected, because the lymphoid organs are packed densely with cells and the measured peak velocities are higher than those observed previously in vitro. T cells in lymph nodes or in the reaggregated thymic culture moved with a 'stop-and-go' behaviour and scattered through their environment in a manner that was reminiscent of ants moving in response to disturbance of their anthill. In the x and y dimensions, parallel to the overlying capsule, T cells moved randomly without following any particular paths, although interactions with reticular fibres and other cells were seen clearly. Often, T-cell motion perpendicular to the capsule (z-axis) occurred preferentially at specific locations, even though they might be separated by tens of microns on the z-axis. One solution is to form stereoscopic images, coded as a colour anaglyph that can be viewed through red/green glasses. A more promising approach will be to adapt the virtual-reality technology that is being used for computer video games to allow the rendering of full-colour multi-dimensional data sets. The presentation of such data on the printed page of a scientific publication can be an almost impossible challenge, but most journals now have extensive online sections that host compressed video files as supplementary material.
Imaging lymphocytes in intact tissues
Jenkins and colleagues 27, 47 , among others, have pieced together the time course of the immune response in vivo using a TCR-transgenic mouse system and fluorescence microscopy of fixed tissue sections. However, only recently have attempts been made to image these processes in real time, in intact lymphoid tissues, by Box 2 | Guidelines for the use of fluorophores in two-photon microscopy
• The optimal wavelength for two-photon excitation is usually shorter than twice the one-photon excitation maximum.
• The two-photon excitation spectrum is usually broader than the corresponding one-photon spectrum. This can be advantageous, as it allows the efficient simultaneous excitation of two fluorophores (for example, CFSE and CMTMR) that have clearly distinct emission wavelengths. Furthermore, the wavelength of the femtosecond laser can be tuned to equalize the brightness of the two probes.
• The emission spectrum is generally the same for one-and two-photon excitation.
operate at a relatively low oxygen tension 52 . Stoll et al. 51 superfused their lymph nodes with a 20% oxygen solution, whereas we used a solution saturated with 95% oxygen 48 , which is standard practice in brain-slice studies, according to the rationale that this would maximize the delivery of oxygen across the fibrous capsule and deep into metabolically active T-cell areas. Another important difference is that Stoll et al. 51 used isolated splenic DCs that were primed in vitro and then transferred subcutaneously, whereas we used in situ-primed endogenous DCs. Perhaps, the differences that were observed in terms of the response to antigen are a consequence of the distinct APCs that were used, an idea that is worth testing in future experiments. Alternatively, the discrepancies in cell behaviour might be related to issues associated with the use of single-photon excitation compared with two-photon excitation. Single-photon confocal imaging is restricted to a depth of less than 80 µm below the capsule, whereas two-photon methods allow imaging at a depth of several hundred µm, deep into the T-cell areas of the lymph node. It is possible that T-cell responses to antigen might vary depending on the location at which the T cells encounter antigen in the lymph node. Furthermore, two-photon excitation is less phototoxic, and perhaps the more dynamic cell behaviours observed by this method reflect a level of cell viability that cannot be obtained within the technical limitations of single-photon confocal microscopy.
Pressing questions
Clearly, cell motility and appropriate trafficking are necessary at several stages of the immune response, but many questions remain concerning the dynamics of cell movements and interactions in vivo. For example, there are two models of primary T-cell activation at present that involve either a stable immunological synapse or serial encounters between T cells and APCs. Additional experiments to image APCs and T cells simultaneously and a detailed analysis of the results will be required to characterize the nature of the T-cell-APC antigen-recognition event in vivo. In addition, intravital two-photon microscopy might be the method of choice to investigate the role of chemokines, the extracellular matrix and cell-cell interactions during lymphocyte homing to and trafficking in lymphoid tissues. Furthermore, intravital approaches might be necessary to understand fully the complex environmental interactions that take place in lymphoid tissues during lymphocyte homing, trafficking and antigen recognition in vivo. Intravital techniques have been used for many years to study the homing of lymphocytes and leukocytes 34, 53, 54 . Recently, in our laboratory, we have applied two-photon imaging to an intravital preparation of an inguinal lymph node to analyse the homing and migration of T cells in living mice (M.D.C. et al., unpublished observations). Two-photon technology should be applicable to the study of a wide variety of cellular responses in their natural environment.
Conclusions
The ability to see, with one's own eyes, cells functioning in their native tissues can influence our thinking through conduits or 'wormholes' for transport up and down. By contrast, B cells moved more slowly and followed more circuitous paths in the follicles. These respective behaviours might constitute the default antigen-search programme.
When antigen is introduced, the situation becomes more complex. In intact lymph nodes from antigenchallenged animals and in the thymocyte culture system, both stable clusters and transient interactions of cells were noted 48, 49 . We showed also that after antigenstimulated cell division, as identified by CFSE dilution by day five, most antigen-specific T cells regained a naive T-cell morphology and pattern of motility 48 . In contrast to the two-photon studies described, a similar study using standard confocal methodology concluded that naive T cells in the absence of antigen are non-motile 51 , and observed some cells moving at a speed of 5-7 µm min −1 in antigen-primed experiments at time points of >37 hours. Furthermore, confocal microscopy showed only stable interactions between T cells and APCs lasting for more than 15 hours. There are several technical differences between these studies that are relevant to understanding these apparently inconsistent observations. First, the issue of physiological oxygen tension in the tissue has been raised 34, 51 , as recent reports have indicated that the lymphoid environment might www.nature.com/reviews/immunol R E V I E W S of lymphocytes and APCs in living lymphoid organs and have revealed unexpected and exciting findings already. Two-photon microscopy is an elegant solution to elucidate the choreography between T cells, B cells and DCs in these tissues, and it is suited uniquely to reconcile the results obtained using in vitro and in vivo methodologies.
about cellular processes profoundly and stimulate new questions. It is ironic that despite the wealth of knowledge of the molecular and physiological aspects of the immune system, we do not have a detailed picture of how cells coordinate the initiation or suppression of an immune response. Now, time-lapse video sequences are providing a fresh look at the behaviour
